Deep inspirations (sighs) play a significant role in altering lung mechanical and airway wall function however their role in respiratory control remains unclear. We examined whether sighs act via a resetting mechanism to improve control of the respiratory regulatory system. Effects of sighs on system variability, short-range and long-range memory and stability were assessed in 25 healthy term infants at 1 month of age (mean 36 days, range: 28-57 days) during quiet sleep. Variability was examined using moving window coefficient of variation (CV), short-range memory with autocorrelation function and long-range memory using detrended fluctuation analysis. Stability was examined by studying the behaviour of the attractor using phase-space plots. Variability of tidal volume (V T ) and minute ventilation (V' E ) increased during the initial 15 breaths post-sigh.
INTRODUCTION
Infants demonstrate dynamic regulation of lung function over time. Lung volume is actively elevated above that determined by tissue elastic properties and a compliant chest wall (26). Recent studies have suggested that dynamic regulation of airway tone is particularly important in infants (16) . It is likely that this dynamic regulatory process represents a tightly controlled negative feedback system, whereby information from peripheral and central chemo-receptors as well as pulmonary stretch receptors is provided to respiratory regulatory neurons in the brainstem, with continuously variable output to the respiratory system musculature (43, 44) .
Biological feedback systems such as those utilised for (e.g.) respiratory control are reflective of engineering control systems and may be modelled using similar mathematical concepts (9, 35) . From an engineering point of view, a control system requires an appropriate balance between system stability and sensitivity, permitting responsiveness to fluctuations whilst maintaining function within tightly regulated limits.
Excess sensitivity of such a system may lead to dramatic 'overshoot' type responses, instability and positive feedback (24). Reduction in sensitivity and excessive stability may result in diminished capacity for response to environmental change and poor feedback control. On the other hand, a certain amount of stability is required in order for the biological system to return to a steady state following a perturbation. Variability observed in the output parameters of a system is often the result of these two competing mechanisms. Long-range and short-range memory within such a dynamical system are responsible for maintaining this delicate equilibrium by incorporating information from previous events into the current system state. An ideal error tolerant system returns by 10.220.33.6 on November 4, 2016 http://jap.physiology.org/ Downloaded from quickly to a steady state whereby long-range memory is not altered. Long-range memory may therefore be considered a feature of stability.
From engineering systems it is known that many control loop feedback systems incorporate a resetting mechanism. There is evidence that spontaneous deep inspirations (sighs) play an important role in resetting the mechanical properties of the lung tissue (10, 12) and airway walls (7), however there is little information in the literature as to whether sighs also act as a 'resetting' mechanism for the loop control system. In adults, sighs during sleep are associated with increased inspiratory and expiratory flows and increased inspiratory time as a fraction of respiratory cycle time (t I :t TOT ), indicating they may play an important role in the control process (31). Sighs are a more frequently observed phenomenon in infant breathing than in adults (19, 31) and given the increased contribution of dynamic processes to respiratory control in this age group, may make a major contribution to homeokinesis. Fleming et al (13) used a linear approach to investigate the developmental changes in oscillatory responses of breath-to-breath minute ventilation (V' E ) after sigh in infants aged up to 7 months. Newborn infants had a stable system with delayed responses to the sigh stimulus that evolved with age to exhibit a stable but more responsive system suggestive of improvement in feedback control.
Animal studies demonstrate no difference in respiratory pattern following sigh in rapid eye movement (REM) versus NREM sleep, however a smaller tidal volume (V T ) and longer expiratory time is evident, resolving on most occasions by the third post-sigh breath (20) . The factors responsible for inducing the sigh and the effects of this event on the stability of the system remain unclear.
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We hypothesised that sighs may play a crucial role not only for lung mechanics but also as a resetting mechanism for the negative feedback control system. To examine whether term healthy infants demonstrate alterations in regulation of breathing following sighs during quiet natural sleep, we analysed the effect of sighs on tidal breathing indices in terms of respiratory variability, short-range and long-range memory and stability.
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METHODS
Study design
This cross-sectional observational study examined the regulation of breathing in relation to sighs in healthy infants during quiet natural sleep. Breath-by-breath V T, V' E , minimum exhaled O 2 and end-tidal CO 2 as well as the classical parameters of respiratory drive (t I :t TOT , V T /t I , t PTEF /t E , t I , t E , V' max,insp -see ABBREVIATIONS) were examined for 50 breaths preceding and following a spontaneous sigh. Data analysis was performed in terms of variability, short-range and long-range memory and stability of V T and V' E . Variability was examined using moving window coefficient of variation (CV). Short-range memory was assessed for data sets of 50 breaths using an autocorrelation function (20) . Detrended fluctuation analysis (28) examined long-range memory over 100 breaths. Stability of the system was assessed using phase-space plots (23).
Subjects
Data used in this study were obtained from a subgroup of 25 infants from a total cohort of 80 healthy term infants recruited antenatally to a separate large epidemiological study.
Data from each infant were visually examined for presence of a sigh. A sigh was defined as a tidal breath at least double the mean V T of the preceding 10 breaths (10, 40). A sigh breath was identified in 40 infants however 15 were excluded due to absence of NREM sleep state, insufficient data adjacent to sigh (<50 breaths), significant data artefact or when a change in sleep state, movement or arousal occurred during the study. This left data from 25 infants that were suitable for analysis. Demographic data are provided in infants had respiratory infections in the period between birth and date of study. The study was approved by the ethics committee of the University Hospital of Berne. Written informed parental consent was obtained prior to study and parents were most often present at the time of measurement.
Measurements
The technique for measurement of tidal breathing parameters in spontaneously sleeping infants has been published in detail previously (8). Briefly, infants were studied in the supine position in a cot or mother's arms during quiet natural sleep. Sleep state was defined clinically using the criteria of Prechtl (33) with closed eyes, absence of gross body or limb movements and regular respiratory pattern. Heart rate and oxygen saturation were monitored continuously for the duration of study (Biox 3700, Datex-Ohmeda, Helsinki, Finland). Measurements were made over periods of up to 10 minutes duration using methodology and equipment compliant with recently published international standards for the measurement of lung function in infancy (5, 17, 18 
Data Analysis
Data analysis was performed using custom software written in Matlab (Matlab 6 v12, Mathworks, Inc). V T was integrated from the flow signal after correction for any technical signal drift. V' E was calculated by multiplying V T by the respiratory frequency (f resp ) on a breath-by-breath basis. A representative example of V T and associated sigh used for analysis is shown as a function of time in Figure 1a . Breath-to-breath V T was plotted as a function of breath number for a 10 minute time series (Figure 1b) . The sigh breath itself was excluded from the analysis.
Classical tidal breathing parameters associated with respiratory drive
We analysed the mean (95% confidence interval (95%CI)) of t I :t TOT , V T /t I , t PTEF /t E , t I , t E and V' max,insp (31, 41) for 50 breaths before and after the sigh event and compared them using paired t-tests. Moving window CV analysis was used to determine whether these parameters were predictive for the sigh event or changed after the sigh (see below). 
Short-range memory
Within each analysis window containing 10 breaths as described above, the breath-tobreath autocorrelation function (c) (Matlab 6 v12, Mathworks, Inc, International) was also calculated with a lag of 1 breath (c(1)) which represents the correlation coefficient between 2 consecutive breaths. c(1)=1 indicates a 100% correlation between adjacent breaths whereas c(1) = 0 indicates they are totally uncorrelated or random. Statistical analysis was performed for the entire group (N=25).
To test whether correlations represented the presence of true memory, data within an individual window were shuffled 10 times (i.e. the order of the data points within the window were randomised), with the autocorrelation calculation repeated on each occasion. The average c(1) for the 10 shuffles was then obtained for each window. By definition, a randomised data set such as this is uncorrelated and c(1) should approximate 0. The existence of a significant difference in c(1) for the whole group of infants before and after shuffling indicated the presence of true short-range memory.
Long-range memory
In a subgroup of 12 infants, 100 tidal breaths were available either side of the sigh such that long-range correlations could be examined using a modified form of detrended fluctuation analysis (28). The calculation of correlation exponent (α) with this algorithm uses a modified root mean square analysis, a detailed description of which has been reported previously (8, 28, 30) . Briefly, the breath-by-breath V T and V' E time series preceding and following sigh were analysed as follows. The breath-to-breath series
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The series was then divided into equally sized non-overlapping windows of length (n) and a linear regression line was fit through the data in each window, giving the local trend of the data y(k). The fluctuation function F(n) of the time series corresponding to each window length (n) was calculated following detrending of data within each window by subtracting the local trend (y n (k)).
If the functional form of F(n) follows a power law, F(n) ~ n α , the process is said to exhibit long-range correlation. The exponent α can be obtained as the slope of a straight line fit to F(n) vs. n on a log-log plot (see Figure 2 ). A value of α of 0.5 represents a random process with uncorrelated data. A positively correlated signal occurs when
Stability
The dynamics of a system can be characterised by its attraction towards a steady state within a setting of continuously occurring intrinsic and extrinsic fluctuations which tend to perturb it away from this stable state or 'basin' of attraction. We consider a sigh as a local non-stationarity within the respiratory control system and observe the return of the system to a steady state in response to this transient stimulus. We used phase space plots of raw tidal flow data to assess the changes in system stability after a sigh (23, 37). In order to undertake such an analysis the scalar data series must first be converted into a In each infant, 50 breaths of raw tidal flow data (sampled every 5 msec) were examined visually within a 2-or 3-dimensional embedded phase space. Each pre-and post-sigh plot therefore comprised 15,000-18,000 data points. Different embedding time delays were systematically examined in order to obtain the best unfolding of the attractor dynamics in phase space. In most instances the embedding delay was similar between infants, and in each infant the same embedding delay was used to examine pre-and post-sigh data. As would be expected from a periodic or quasi-periodic signal, the embedding delay was related to the breathing frequency, in most cases in the order of 400 msec. This delay is of similar magnitude to that reported previously for respiratory data embedding (37) and is representative of the dominant period relationship observable in low-dimensional attractor systems in which a self-excited or forced periodic behaviour is present. Within such systems, a useful starting point for identification of the time delay is around one quarter of the dominant period (1). We have selected an embedding delay of ∼0.25 of normal respiratory cycle period in order to provide an acceptable unfolding of the attractor dynamics.
To quantify the dynamics before and after a sigh, we examined the variability between cycles of the attractor within phase space plotted in 2 dimensions. A small region of one limb of the attractor cycles was selected in order to obtain at least one point from each embedded cycle. Data from the selected region were normally distributed in each infant and variability of the cycles around the mean was assessed in terms of CV and range.
Statistical Analysis
Comparisons of indices of variability, autocorrelation and detrended fluctuation analysis as well as pre-and post-sigh attractor dynamics were made for the grouped data using paired t-test. Data are presented as mean ± 95% CI unless otherwise stated. Results were considered statistically significant when p<0.05.
RESULTS
Classical tidal breathing parameters associated with respiratory drive.
When examined over the 50 breath period, mean V T , t I and t I :t TOT decreased following the sigh (Table 2 ). Other parameters of respiratory drive (t E , V T /t I , t PTEF /t E , V' max,insp ) were unchanged. More detailed analysis using a moving window CV algorithm showed most of the observed alteration in t I and t I :t TOT to be occurring during the first 1-2 windows (10-15 breaths) post-sigh.
Change in minimum exhaled O 2 and end-tidal CO 2 in response to sigh
The minimum exhaled O 2 and end-tidal CO 2 concentration data demonstrated a high level of stability during the 50 breath period leading up to sigh. Consequently, the mean 
Short-range memory
Comparison of auto-correlation data for windows located at an increasing distance after the sigh with the window immediately preceding sigh is presented in Figure 5a . 
Long-range memory
The exponent α characterising the long-range correlation of V T and V' E was unchanged in response to sigh as shown in Table 3 . The observed trend (p=0.06) towards change in long-range correlation (over 100 breaths) of V T is consistent with a contribution from short-range correlations observed over 50 breaths.
Stability
An example of a typical phase space embedding in 2-and 3-dimensions from a single infant is shown in Figure 7 . Recently, regulatory properties of the respiratory negative feedback loop have been analysed using mathematical techniques derived from engineering systems control theory (24, 35). The behaviour of the control loop after a sigh may be reflective of the maturity and functional integrity of neuro-respiratory feedback control. Using these techniques, we investigated whether or not sighs are important for the regulation and resetting of the neuro-respiratory controller. Our data showed that a highly regulated and stable negative feedback loop system exists in healthy infants and that sighs represent a mechanism for improving the memory associated with neuro-respiratory control of breathing within this system.
Classical tidal breathing parameters associated with respiratory drive. This study suggests that established indices of respiratory drive and control such as t I :t TOT , V T /t I ,
t PTEF /t E , t I , t E , V' max,insp are not predictive of an impending sigh event. Most of these parameters remained unchanged during the 50 breath post-sigh period although a small but statistically significant decrease in t I and t I :t TOT occurred during the 2 window periods immediately after sigh in comparison to the pre-sigh window. Ueda et al showed t PTEF to be one factor that identified reduced respiratory drive in infants of smoking mothers (41), suggesting its potential usefulness for the examination of control. The reason for the insensitivity of most of the classical drive parameters to changes in respiratory control induced by a sigh in this study is unclear. Whilst t I /t TOT and t I are higher during pre-sigh breaths in adults than immediately post-sigh (31), physiological differences make comparisons between infants and adults particularly difficult. Techniques permitting analysis of the dynamic characteristics of respiratory drive, such as those derived from system control theory may reveal more information about the continually changing behaviour of this control system than is provided by standard linear methods.
Change in minimum exhaled O 2 and end-tidal CO 2 in response to sigh. The correlation
between arterial O 2 and CO 2 values and exhaled gas concentrations is known to be limited (42) , however due to the non-invasive nature of this study we were unable to analyse blood gases. We did however, monitor O 2 and CO 2 in exhaled gas continuously.
Breath-to-breath minimum exhaled O 2 and end-tidal CO 2 revealed highly stable values over 50 breaths pre-and post-sigh, with alterations in both exhaled concentrations of both gases returning to pre-sigh values within 6 breaths ( Figure 3 ). These changes were of a shorter duration than those observed in variability or short-range memory of V T and V' E after sigh. Since changes in flow and volume occur during these first few breaths after sigh this may impact upon the concentrations of exhaled gases. When examined over a longer period the mean minimum O 2 and end-tidal CO 2 were not different from pre-sigh values.
Variability of V T and V' E . A typical feature of an adaptive control system operating in a noisy environment is variability. A system locked into a steady state is likely to be insensitive to small perturbations within its external environment. Reduction of physiological variability has been associated with morbidity and mortality, for example in the reduced heart rate variability observed with age (22, 30), heart disease (29) and in extreme cases preceding life threatening arrhythmias (27, 36). In the absence of changes in external noise, changes in the variability of breathing induced by a sigh may be considered an indicator of changes in neuro-respiratory feedback control. It is interesting to note that variability in V T or V' E does not predict the occurrence of a sigh. In contrast, the sigh itself introduces a significant increase in variability of both V T and V' E for a confirmed by the significant increases in both the range and variability of data points obtained from the attractor segments. Importantly, the breathing control system returned to the same 'basin' of attraction during the period after sigh in all infants as indicated by the unchanged position of the attractor within the phase space plot. Thus while the system is more variable and perhaps better regulated, it remains stable. It is worth noting that stability and variability represent different phenomena in system behaviour and often coexist together. Furthermore, an increase in variability (e.g. CV) does not necessarily imply an alteration of correlation properties. Consequently, a system may be intrinsically stable whilst demonstrating significant variability in response to (e.g.) extrinsic fluctuations (24).
Technical issues and limitations of the study. As the aim of this study was to assess the alterations in neuroregulatory control occurring after sigh we examined the output parameters of this complex system in terms of tidal breathing indices. The techniques employed during this study allowed us to investigate the global properties of this feedback system. A limitation of these methods was the inability to separate and define the contributions of the various input parameters into this regulatory system, for example those from chemoreceptors and pulmonary stretch receptors.
From a physiological point of view, the conditions under which measurements are made are important. Measurement conditions were standardised as far as possible whilst maintaining the non-invasive nature of this study. Nevertheless, even the pressure and temperature of the face mask can influence control of breathing (14) . The mask was warmed to skin temperature prior to application and infants were given time to adapt to the new facemask conditions before commencing measurements. Whilst infants were studied in a cot or in arms, in all cases the body and head position were standardised. A major strength of this study lies in the homogeneous population of healthy infants, all of whom were measured under conditions of quiet unsedated sleep. Such studies must be performed carefully, since sigh behaviour of infants during different sleep stages may vary (19) . In this study we undertook careful prospective evaluation of behaviourally defined sleep patterns (33) to avoid the possibility of observing alterations in sleep state after sigh.
Sighing occurs about every 50 to 100 breaths in healthy infants. Thus, the information on long range correlations is limited to a maximum of approximately 100 breaths. Detrended fluctuation analysis was designed for much longer datasets and a limited number of data points can introduce bias. We have tested the effect of reducing the number of data points from 1000 to 100 using a correlated noise signal with a known α value of 1.0. Using a data set size of 100 values the difference in α was not more than 15% when compared to the larger series. To partly overcome this limitation of data set size we always compared the same number of data points before and after the sigh. Phase space plot analysis is dependent on the correct choice of raw data, the embedding dimension and time delay.
We used raw tidal flow time series data, as this represents the most basic form of information obtained from the respiratory system using our equipment. Consequently, the attractor may be visualised in phase space in its 'original' form, prior to data manipulations such as integration. In addition, the accuracy of the reconstruction of the attractor is dependant upon the amount of data included. Attractor reconstructions normally incorporate at least several thousand points (1, 21, 23, 37) and hence short data series of 50-100 breaths (e.g. V T ) are insufficient. For our purposes, a time series of 50 breaths consisted of approximately 15,000-18,000 data points, hence providing much clearer information regarding the attractor behaviour and therefore also about the global system dynamics.
Reconstruction of the attractor in phase space is dependant upon the nature of the individual signal under study. Numerous techniques have been developed to assist with accurately representing the intrinsic dynamics of the system graphically. It is possible to obtain a suitable value of the embedding delay (ξ) in several ways (1, 23) . In this study the embedding delay was increased systematically and the attractor trajectories viewed visually for consistency of appearance at different delays. That is, the unfolding of the attractor trajectories was examined at many delays, with an appropriate delay being that which provided best visual representation of the system dynamics.
SUMMARY
We found an increased variability of tidal breathing following a sigh in healthy infants during quiet sleep. Short-range breath-to-breath memory of the neuro-respiratory control system decreased towards the sigh event. After the sigh this memory was recovered before steadily returning to pre-sigh conditions. Both long-range memory and the location of the system attractor within phase space were unchanged after sigh, consistent with the presence of long-range stability. Attractor dynamics were observed to be markedly different with a relatively fixed, 'locked-in' behaviour pre-sigh changing to a more adaptive pattern with increased fluctuation post-sigh. These findings support the hypothesis that sighs in infants not only act to reset mechanics, but also change the properties of the neuro-respiratory control system. Finally, an intriguing finding was the observation that loss of short-range memory appeared to be a predictor of a sigh.
The ability to sigh may be an important mechanism of control of breathing. The response to a sigh may be different in various groups of infants at risk for inadequate control of breathing such as premature infants, those with neurological impairment or infants at risk for SIDS. Further studies should investigate sigh behaviour during maturation and in disease in order to develop a new sensitive marker of control of breathing in these infants at risk. Fluctuation function (F(n)) was calculated at increasing window sizes (n) after local detrending was performed within each window. Correlation exponent α is the gradient on a log-log plot and represents the long-range memory of the system. 100 breaths pre-and post-sigh data were examined and α values compared for the entire group (N=12) before and after sigh using paired t-test. data points from the raw tidal flow signal. A given point within the series is plotted against points with delays of 100 points (500 msec) and 120 (600 msec) points. The same delays were used before and after sigh. Whilst the location of the attractor within the phase space is unchanged after sigh, the dynamics of the system are visually markedly different. Phase space embeddings in 2-dimensions were used to quantify changes in dynamics c) pre-sigh and d) post-sigh. In this case, the appropriate delay was 80 points (400 msec). Variability of the post-sigh attractor was significantly higher than pre-sigh when examined in terms of CV (p<0.001) and range (p<0.02). BW; birthweight (kg), GA; Gestational age (weeks), PNA; Post-natal age (days) SW; weight at time of study (kg), V T ; tidal volume (mL), V' E ; minute ventilation (mL/min). * Infant data used for 100 breath analysis. 
